Japanese is one of the typical languages in which vowel quantity plays a key role. In Japanese, a phonological structure called "mora" is a fundamental rhythmic unit, and theoretically, each mora is supposed to have a similar duration (isochronicity). The rhythm of a native language has great importance on spoken language processing, including second language speaking; therefore, in order to get a clear picture of bottom-up speech processing, it is crucial to discern how morae are mentally represented. Various studies have been conducted to understand the nature of speech processing as a cognitive construct; however, most of this research was conducted with the target stimuli embedded in words or carrier sentences to clarify on specifically the relative duration of morae. In this study, two reaction-time experiments were conducted to investigate whether morae are mentally represented and how long the duration is. The isolated vowels /i/, /e/, /a/, /o/, /u/, and syllable /tan/ were chosen as target stimuli, and the first morae were digitally manipulated into 15 durations with 20 ms variations in length, from 150 ms to 330 ms. The results revealed the existence of a durational threshold between one and two morae, ranging around 250 ms.
Introduction
Many languages have phonemic distinction between long and short vowels, such as Czech, German, Finnish, Japanese, Thai, and many others [1] . In some of these quantity languages, the primary cue is vowel duration [2, p. 294] . For example, in Japanese, the phonemic distinction is realized mainly by vowel duration, such as /'toki/ (a bird called nipponia nippon) and /'to:ki/ (pottery). Other phonetic features also contribute to the distinction in many languages [3] [4] [5] [6] [7] [8] . In languages such as Thai, it is reported that vowel quality largely affects distinction of the contrast in addition to vowel duration [8] , and pitch contour plays some role in some languages [4, 8] . Among those languages, Japanese is one of the typical languages, in which the duration of the vowel is the dominant factor in perceiving phonological contrast [1] .
In Japanese, this phonemic distinction is a key feature of the language, and this basic smallest structure is called "mora." Mora is a rhythmic unit of Japanese, and Japanese is categorized as mora-timed language [9] [10] [11] [12] [13] . Furthermore, mora is classified into two types. The first type is called normal morae, which have three types of structures: simple vowel, consonant and vowel, and, semi-vowel and vowel. The second type, called special morae, comprises long vowel, chocked sound, and syllabic nasal, and syllables including these special morae or diphthongs are counted as two morae. Extensive research has been conducted to establish a clear picture of the nature of Japanese mora from its acoustical and perceptual aspect. Before experimental research was introduced, Block [10] observed that every mora has almost the same duration in Japanese. Trubetskoy [14] stated, from a phonological viewpoint, that Japanese language rhythm is based not on syllables but on morae; in other words, Japanese morae have isochronicity. Japanese researchers also supported the role of morae, stating that speakers of Japanese can analyze their language not smaller than a mora [11] [12] [13] . However, as McCawley [15] argued, mora can only be defined phonologically, such as a long syllable consisting of two morae and a short syllable consisting of one mora; therefore, in order to closely reveal the nature of the mora, a variety of experimental studies have approached this issue. The chief concern of this present research is the durational feature of mora, and previous research related to this specific feature is introduced below.
Several acoustical analyses revealed the relative duration of mora [16] [17] [18] . Han [16] conducted an acoustical research asking participants to pronounce target words embedded in carrier sentences, and reported that adding one mora increases the target words' duration by 120 ms. She also reported the number effect of morae on word duration, and the duration of mora in her study ranged from 104.2 ms to 143.5 ms. Campbell and Sagisaka [19] demonstrated the compensation effect between consonant and vowel within each mora; that is, a longer vowel follows a shorter consonant, and a shorter vowel follows a longer consonant. However, no definite duration of morae has been reported. Furthermore, Port et al. [17] claimed that adjacent morae compensate the duration with each other to keep their duration in multiple morae level. These acoustic studies basically addressed mora duration in relation to their phonetic environment, and did not show the intrinsic duration of mora.
Because of the belief in the difficulty to define mora from an acoustical perspective, researchers have tried to examine its nature as a cognitive construct [19] [20] [21] [22] [23] [24] [25] [26] [27] . Even though, not few studies have directly tried to clarify the duration of mora. Fujisaki and Sugito [21] conducted a research using target non-words without carrier sentences. Moreover, the duration between vowels were manipulated gradually: (1) from /oi/ to /o:i/, (2) from /ise/ to /isse/, (3) from /ita/ to /itta/, and (4) from /ama/ to /amma/. Furthermore, they analyzed the responses whether the participants judged them as two morae or three morae, and their result showed each boundary: (1) 156 ms, (2) 166 ms, (3) 164 ms, and (4) 152 ms. Minagawa-Kawai, Mori, and Sato [25] used a stimulus /mama/, changing the duration of vowel /a/. Their result showed that the durational boundary of one or two phoneme was 198 ms (SD = 6.9, n = 8); However, the final vowels of words presented without a phonological environment had 1.5 to 2.0 times longer duration than words pronounced in sentence. However, their data should not be acknowledged as a universal duration of mora [25, [28] [29] . Kinoshita, Behne, and Arai [24] focused on the duration of five vowels in Japanese and used /z_za/ as a carrier word. Their analysis was based on the duration of vowels and range of F0 declinations, and they reported a 50 % judgment threshold between short and long vowels (table 1). These previous studies exhibit a sort of varying durational threshold between short and long phonemes, caused by the difference in experimental paradigms and contexts. In order to get a clearer picture of the perceptual duration of mora, it is necessary to determine the intrinsic duration of mora, that is, the duration without affected by surrounding phonological environment. For the purpose of providing this basic data of mora duration, this study tried to exclude any effect of the phonological environment as much as possible by using stimuli without any carrier sentence and also even any adjacent syllable with the possibility of affecting the relative duration of sound. Along this line, the following research questions were raised: (1) does vowel duration alone contribute to the distinction of long/short vowel?; in other words, is mora mentally represented or not?; and (2) if there is a clear mental boundary between one and two morae, where lies the durational threshold between them.
Experiment 1 2.1. Participants
Nineteen native speakers of Japanese (4 female and 15 male) participated in this perception experiment. Their ages ranged from 18 to 21, and most of them were speakers of the Kinki dialect of Japanese. Although some of the participants were from other parts of Japan, their responses did not show any inter-dialect difference; therefore, all the participants were treated as members of a single group. In addition, no participant reported any hearing impairment.
Materials
The focus of this study is to clarify the perceptual threshold between one and two morae without any phonological environment, and the typical Japanese five vowels (/i/, /e/, /a/, /o/, /u/), which can independently constitute a mora, were chosen as stimuli. Those vowels were pronounced by a male, 39 years old, native speaker of Kinki-Japanese, and were digitally recorded with an OLYMPUS PCI recorder LS-11 through a SONY ECM360 condenser microphone. The durations of each five vowel were manipulated into 15 variations from 150 ms to 430 ms, with approximately 20 ms step, and a total of 75 stimuli were prepared. Praat (5.3.39) was used for this sound manipulation.
Procedure
In order to investigate durational boundary between one mora and two morae, participants were asked to perform a selfpaced binary forced-choice identification task. The psychology experiment software SuperLab mounted on a laptop computer (Apple, MacBook Pro, Retina, 13-inch, Late 2012) and the response pad RB-830 were used for stimuli presentation and reaction data collection. In each trial, two words that differ only in vowel durations, such as "ア" (/a/) and "アー" (/a:/) were visually presented on the monitor screen, with 100 ms tone for attention at the beginning. After a 600 ms silence, the target sound was presented through monitor headphones (Audio-technica, ATH-SX1a). Participants judged which word on the screen represents the sound and pressed the left or right button to corresponding with the position of the word presented on the screen as fast as possible. A 500 ms interval was inserted after each response from subjects. Each of 75 stimuli was presented 10 times, and a total of 750 stimuli were randomly presented. In order to counterbalance the effect of their handedness, among the 10 times of each target sound presentation, five of them were with the correct mora word on the left side, and the other five with the correct mora on the right side of the screen. The total duration of the experiment exceeded 10 minutes; therefore, the experiment was divided into three sessions to maintain participants' attention. 
Result
All the analysis was performed by R.3.2.2 (R Core Team, 2016) and the lme4 package (Bates, Maechler, Bolker, & Walker, 2016). As for one-or two mora judgment, the responses were analyzed by generalized liner mixed model (GLMM) with binomial distribution. The model included vowel types and vowel durations as fixed variables and the participants as a random factor. The result showed that only vowel duration was the significant factor (z = 7.79, p < .001). Figure 2 shows a typical category perception curve with a threshold between 250 ms and 270 ms. More than 90 percent participants judged 150, 170, and 210 ms vowels as a single mora word. Furthermore, along with vowel duration, the rate greatly shifted to two morae toward 310 ms. Subsequently, more than 90 percent of the participants judged the vowels as two morae from 330 ms. RT data were log-transformed and analyzed by linear mixed modeling (LMM) with participants as a random factor and vowel types and vowel durations as fixed variables. The result revealed that only vowel duration was the significant factor (z = 16.10, p < .001). Along with the stimulus duration, the participants' RTs were delayed sharply from 150 ms to 230 ms. The data clearly reflects participants' decreasing confidence to judge the sound as one-mora. On the other hand, there was a sharp drop in the RT means from 270 ms, thereby indicating that the participants' judgment of the words as two morae become automatic as the word lengthened. The RTs for the stimuli that were longer than 310 ms do not seem to be associated with the stimuli duration. This implies that the sound might be too long be perceived as two morae and their judgments are not as automatized as those of 150 ms and 170 ms.
Experiment 2
The results of experiment 1 show a clear boundary between one and two morae, regardless of the vowel types. In addition, the 50 % threshold lies between 250 ms and 270 ms. Although this result seems clear, hearing sensitivity differs between individuals, and this may affect the participants' onset and offset vowel perception. In order to minimize the effect of this individual difference, another experiment was conducted using the closed monosyllabic word /tan/ as the stimulus.
Participant
This experimental study comprised 17 Japanese native speakers (3 female and 14 male), between 19 and 21 years old. Most of them were speakers of the Kinki dialect, whereas a few of them were not. Similar to experiment one, no difference was observed between their responses; therefore, all of them were treated as members of a single group.
Materials
The closed monosyllabic word /tan/ was chosen as the stimulus. The reason for /t/ to be chosen as an onset is its phonetically clear beginning. The nasal /n/ was chosen because it is the only consonant that allows a closed syllable in Japanese phonology, and it is categorized as a special mora that on its own constitutes an independent mora. This word was pronounced by a 41-year-old male native speaker of Japanese of the Kinki dialect. Similar to experiment one, vowel /a/ was manipulated into 15 durations with 20 ms step to make /ta/ mora from 150 ms to 430 ms.
Procedure
The experiment was conducted with exactly the same procedure as experiment 1. Each of the 15 stimuli was presented randomly 10 times with handedness counterbalanced. Furthermore, the participants were required to judge each sound as "タン" (/tan/) or "ターン" (/ta:n/) and press the button as quickly as possible.
Result
The rates of judgment were analyzed as the main data, whereas the reaction times were used as supporting data. As for experiment 2, the same approach as experiment 1 was used for the analysis. However, the only data from tan150 to tan290 were analyzed because almost no one-mora response exists between tan310 and tan430. The result showed that mora duration was significant (z = 18.28, p < .001). shows almost the same curve as in the result of vowel duration judgment in experiment 1. More than 80% of the responses for tan150 -tan210 are one mora. In addition, the response is sharply shifting to two morae, and over 80% of the judgments were two morae, at tan290. Furthermore, almost no one-mora response exists between tan310 and tan430. Similar to the vowel data in experiment 1, there exists a clear durational boundary between one and two morae around 230 ms and 270 ms. RT data were also analyzed with the identical approach with experiment 1. Unlike judgment analysis, all the data from all the durations were used. The results showed that the duration was a significant factor (t = 6.84, p < .001). Figure 5 shows the reaction time (RT) data for the fifteen variations of the stimulus /tan/. These data include both reaction as one mora and two morae, and should be treated supplementally to support the judgment data. As the duration of the first mora increases to tan250, the RT becomes longer, and from tan250 onwards, their reaction becomes faster. This finding indicates that the participants became increasingly less confident about their judgments of one mora as the mora lengthened to 250 ms. Furthermore, their judgment as two morae became automatic along with the duration until tan310. These RT data clearly support the existence of a durational boundary of mora. That is, a boundary exists between 230 ms and 270 ms, peaking around 250 ms.
Discussion
Two research questions were raised at the beginning of this research: (1) does vowel duration alone contribute to the distinction of long/short vowel?; in other words, is mora mentally represented or not?; and (2) if there is a clear mental boundary between one and two morae, where lies the durational threshold between them.
A clear answer to research question (1) is found in the results of both experiments 1 and 2. The judgment data as well as reaction time data show typical features of categorical perception, and it means duration is a key feature for Japanese native speakers to perceive mora numbers.
For research question (2) , experiments 1 and 2 show slightly different results. In experiment 1, the threshold between one and two morae lies between 250 ms and 270 ms, but in experiment 2, the threshold lies just around 250 ms. One possible reason for this result is caused by the phonological structure of the stimuli. In experiment 2, the stimulus /tan/ contains the onset consonant /t/, and it lengthens the acceptable duration of one mora slightly longer than a mora with only vowels. Although the reason for this reason is to be analyzed further, it is still reasonable to state that a one and two morae boundary approximately exists between 250 and 270 ms.
Conclusions
In order to develop the model of spoken word recognition, it is evidently necessary to discern the perception and recognition of the phonological unit in a larger context, such as sentences. Even so, the result proposed here has the importance of furthering the understanding of bottom up processing of Japanese native speakers.
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